Hyperspectral reflectance data collected diurnally from an instrumented tower were examined in conjunction with the eddy correlation fluxes and meteorological measurements made throughout a growing season at a mature Douglas fir forest in British Columbia, Canada (DF49). Here we present 2006 in situ results relating the Photochemical Reflectance Index (PRI 551 ) to photosynthetic light use efficiency (LUE). Canopy structure information was used to partition the forest canopy into sunlit and shaded fractions. At each observation period, the PRI 551 was examined for the sunlit, shaded, and mixed sunlit/shaded canopy segments as defined by their instantaneous position relative to the solar principal plane (SPP). We show that the PRI 551 clearly captures the differences in leaf groups on sunny days.
ABSTRACT
Hyperspectral reflectance data collected diurnally from an instrumented tower were examined in conjunction with the eddy correlation fluxes and meteorological measurements made throughout a growing season at a mature Douglas fir forest in British Columbia, Canada (DF49). Here we present 2006 in situ results relating the Photochemical Reflectance Index (PRI 551 ) to photosynthetic light use efficiency (LUE). Canopy structure information was used to partition the forest canopy into sunlit and shaded fractions. At each observation period, the PRI 551 was examined for the sunlit, shaded, and mixed sunlit/shaded canopy segments as defined by their instantaneous position relative to the solar principal plane (SPP). We show that the PRI 551 clearly captures the differences in leaf groups on sunny days.
We also examined PRI 551 from MODIS ocean band imagery acquired over DF49 during a five year period (2001) (2002) (2003) (2004) (2005) (2006) ) from both Terra (late morning) and Aqua (early afternoon) platforms. The MODIS observations from Terra and Aqua were acquired in different viewing planes above the landscape over a range of view zenith angles, and sampled the backscatter (sunlit) and forward scatter (shaded) sectors of the forest's bidirectional reflectance distribution function. When tower-based bulk canopy LUE from 2006 was recalculated to estimate foliage-based values for the three foliage groups under their incident light environments, a strong linear relationship with PRI 551 was demonstrated (r 2 ~ 0.80). A similar relationship between the MODIS PRI 551 and tower-based bulk LUE was obtained from satellite observations (r 2 ~ 0.62), but only for the backscatter observations obtained at high light levels (APAR, 1500 μmol m -2 s -1 ). The MODIS observations, while not ideal in terms of spatial resolution ( 1 km 2 ) or optimal viewing configuration, nevertheless provided a means to monitor forest under stress using narrow spectral band indices and off-nadir observations.
INTRODUCTION
As part of the North American Carbon Program (NACP) effort to quantify the terrestrial carbon budget of North America, we have been examining the possibility of retrieving ecosystem light use efficiency (LUE) directly from satellite observations. Our novel approach has been to compare LUE derived from tower fluxes with LUE computed from MODIS spectral indices for observations over forests in the Canadian Carbon Program's (CCP) flux Network (formerly, FluxNet-Canada), using MODIS narrow ocean band data to obtain frequent observations over land. We investigated the Photochemical Reflectance Index (PRI), but utilized a modified version that incorporated the MODIS green bands at 531 nm (the physiologically active band) and 551 nm (the reference band), designated here as PRI 551 . The original PRI uses bands at 531 and 570 nm [1] , but the latter band is not available from MODIS. Our research has shown that forest LUE can be monitored with MODIS observations [2] [3] [4] .
We discovered a stronger relationship of backscatter MODIS observations to bulk forest LUE determined from instrumented towers [3, 4] . We also found that the canopy shadow fraction influenced these relationships [4] . These findings led us to investigate the role of canopy structure and shadowing on the PRI measured diurnally in situ throughout the 2006 growing season in a Douglas fir forest at an CCP instrumented tower (DF49) [5] [6] [7] [8] . Here, we present a summary of the relevant in situ results acquired during the 2006 growing season at DF49.
Furthermore, we examined the PRI 551 using MODIS Aqua and Terra data collected over the DF49 study site during five years (2001) (2002) (2003) (2004) (2005) (2006) . Terra observations are collected in the late morning (~11:00 AM local time) in a Index Terms-Light use efficiency, Douglas fir, Photochemical Reflectance Index, MODIS Aqua and Terra. view plane that is typically 40-50 degrees to the north side of the SPP. In contrast, Aqua observations are obtained in the early afternoon (~1:30 PM local time) in a view plane that is shifted up to 90 degrees away from the SPP. Thus, Terra and Aqua provide different samples of the diurnal change in forest LUE as well as potentially different views of the sunlit vs. shaded forest. Our objective was to evaluate the PRI 551 as a remote sensing tool to monitor forest LUE from space.
METHODS
Hyperspectral visible/near-infrared spectral observations (350 -1200 nm; 256 contiguous bands) were acquired continuously through the 2006 growing season (April through November) with the Automated Multi-angular SPectroradiometer for Estimation of Canopy (AMSPEC) reflectance system. AMSPEC is a fully automated tower based platform installed at approximately 10 m above the tree canopy using upward and downward pointing probes from a Unispec-DC spectroradiometer (PP Systems, Amesbury, MA, USA). Canopy spectra were acquired from a fixed view zenith angle of 62˚ and a projected canopy instantaneous field of view of 20˚. Canopy spectra were also acquired at a high temporal resolution to capture the spectral dynamics of sunlit and shadowed foliage. The AMSPEC's downward pointing probe was attached to a motor which moved 11.5˚ to a new position every 30 s and completed a near full 360 o azimuth sweep of the canopy every 15 minutes during daylight hours [5] .
Half-hour average values have been available yearround since 1997 for eddy covariance flux measurements of CO 2 from a 45-m tall tower. Net ecosystem exchange (NEE) values were obtained by correcting CO 2 flux measurements for changes in air column storage. Gross primary productivity (GPP) values were obtained by separating ecosystem respiration from NEE. Measurements of incident PAR were also collected using sensors installed at ~45 m above the ground. In this analysis, we used halfhourly values of GPP ( mol CO 2 m -2 s -1 ), incident PAR (μmol m -2 s -1 ), and calculated the bulk canopy LUE as GPP/PAR ( mol C mol -1 PAR). In addition to the bulk canopy LUE computed directly from the eddy covariance fluxes, we estimated the dynamic within-canopy LUE of three foliage groups; sunlit, shaded, and mixed sunlit/shaded canopy.
We assumed the instantaneous PAR absorbed (APAR) by each sector was the product of the shadow fraction (S), incident PAR, and Normalized Difference Vegetation Index (NDVI): APAR = PAR *(1-S)* NDVI (1) NDVI was used as a surrogate for the fraction of absorbed PAR (fAPAR), and was obtained from the AMSPEC spectra. Next, we utilized the rectangular hyperbolic relationship (from traditional CO 2 light response curves) between GPP and PAR that describes the photosynthetic light curve potential for foliage at this forest [9] to estimate the net instantaneous photosynthetic capacity (Pn) in each foliage group: (2) where is the maximum value of Pn at high PAR, and the effective quantum yield is . LUE of each foliage group at each available measurement (LUE foliage ) was calculated as the ratio of Eqns. (2) and (1), Pn/APAR.
In this study, MODIS swath data were custom processed to provide both the land and ocean bands specifically for the tower site. For selected clear days, MODIS data from both Terra and Aqua were processed to surface reflectance using the 6S model and MODIS aerosol optical thickness data [3] . Reflectance values from the 1 km pixel that included the tower site for bands 11 and 12 were used to calculate PRI 551 .
RESULTS
The in situ PRI 551 acquired at DF49 varied diurnally, typically exhibiting lower values at mid-day especially in the sunlit canopy sectors. When PRI 551 was expressed as a function of solar zenith angle (SZA), the relationship was shown to be linear for each foliage group of the canopy. Each of these foliage groups was distinctly related to the radiation regime, with sunlit foliage having reduced PRI 551 values as compared to the other two groups. An example is shown for diurnal data acquired in April 2006 (Fig. 1A) . In contrast, there was little distinction among foliage groups with the NDVI and little change with SZA (Fig. 1B) . The relationship of PRI 551 to bulk canopy LUE was curvilinear and quite variable (not shown). However, when the LUE was recalculated at the level of the shoot in each foliage group to produce LUE foliage , a single linear relationship emerged for data collected in situ from the DF49 tower throughout the 2006 growing season (Fig. 2) .
We also examined the PRI 551 for MODIS data. The afternoon Aqua observations obtained in several years were lower that the corresponding Terra values, and captured the mid-day physiological stress, in agreement with the 2006 in situ measurements (Fig. 3A) . The two MODIS satellite instruments also examined the landscape at different relative azimuth angles (Fig. 3B) , and consequently provided different samples of the forest's bidirectional reflectance distribution function. We attempted to relate the PRI 551 from both MODIS instruments to the bulk tower LUE at the time of satellite overpasses. This was not generally successful over the full growing season for this dataset. However, we were successful in relating the PRI 551 to bulk canopy LUE using MODIS backscatter observations when the instantaneous tower PAR levels were relatively high (e.g., APAR > 1500 mol m -2 s -1 ) during the summertime (Fig. 4A) . In addition, PRI 551 values from MODIS Terra were significantly higher than those acquired from MODIS Aqua, although the slopes of the relationships were the same ( Fig. 4A) . However, the comparable observations from MODIS forward scatter data were not related to tower LUE (Fig. 4B) for either sensor.
CONCLUSIONS
These results support our earlier findings that MODIS PRI 551 obtained in the backscatter direction can be related to bulk tower LUE. Here, that relationship was limited to high light conditions that are expected to induce physiological stress [10] . Furthermore, we demonstrate here that the two sensors can be used together to obtain some diurnal responses, at least two times a day on either side of solar noon. The MODIS results are consistent with those obtained in situ during 2006 at the DF49 study site. This approach needs further study at a range of forest sites, including deciduous forests. Figure 4A shows values where the MODIS observations are in the backscatter direction and Figure 4B shows values where the MODIS observations are in the forwardscatter direction only.
